Intensively managed loblolly pine (Pinus taeda L.) plantations often develop nutrient deficiencies near mid-rotation. Common silvicultural treatments for improving stand nutrition at this stage include thinning, fertilization, and vegetation control. It is important to better understand the influence of timing fertilization and vegetation control in relation to thinning as part of improving the efficiency of these practices. The objective of this study was to determine the effects of fertilization and vegetation control conducted within a year prior to thinning and within a year after thinning on soil N supply in mid-rotation loblolly pine plantations on a gradient of soil textures. Net N mineralization (Nmin) and exchangeable N were measured monthly. Fertilization increased annual Nmin at all sites irrespective of timing relative to thinning, with the increase more pronounced when combined with vegetation control. This finding suggests some management flexibility in the timing of mid-rotation fertilization relative to thinning for increasing soil N supply. However, the site with the highest total soil N and the lowest C:N ratio was more prone to NO3-N increases after fertilization conducted pre-and post-thinning. At all sites, fertilization with vegetation control promoted increases in NO3-N when done after thinning, which may indicate that this practice increased soil N supply to levels that exceeded stand N demand.
Introduction
As intensively managed loblolly pine plantations in the southeastern United States approach mid-rotation, stand nutrient demand increases and soil nutrient supply decreases [1, 2] . To synchronize nutrient supply with plant demand, increase leaf area, and improve productivity, plantations are often fertilized, typically after thinning [3] [4] [5] . Nitrogen is typically the limiting nutrient in these plantations at this stage because it is needed in relatively high quantities for photosynthesis, carbohydrate assimilation, and foliage growth [6] . Herbicides are also sometimes applied at this stage to control competing vegetation and improve site resource availability for the crop tree [7] . Further improvement of loblolly pine production efficiency via mid-rotation silviculture will likely require more than simply increasing resource inputs; silvicultural practices that better manage the interactions among crop trees, non-crop vegetation, soil properties, and applied nutrients will likely be necessary [8] . Altering the timing of fertilization and vegetation control treatments relative to mid-rotation thinning is one potential method of influencing resource use efficiency. Fertilizing mid-rotation stands prior to thinning may promote higher stand-level fertilizer uptake, which could in turn reduce risks of N leaching on well-drained soils and denitrification on poorly drained soils. With pre-thinning fertilization, nutrient levels of fertilized trees remaining after thinning may be elevated, which could enable trees to more rapidly exploit increased growing space. However, increased intraspecific competition in stands at canopy closure can temper response to fertilization, with loblolly pine stands generally exhibiting declining potential response to fertilization as they approach basal areas greater than 35 m 2 ·ha −1 [8] .
A vital component of understanding loblolly pine plantation response to timing of fertilization relative to thinning is observing its effects on soil N supply. Soil N supply has been defined as net N mineralization [9] . Fertilization of mid-rotation loblolly pine plantations can increase N mineralization [2, 10] . Non-crop vegetation suppression can likewise increase N mineralization in mid-rotation loblolly pine plantations, particularly when combined with fertilization [2] . Nitrogen mineralization rates may be relatively high in the year of thinning because stand conditions could be similar to those of complete harvesting, with increased radiation to the forest floor and decreased inputs of soluble organic C because of tree harvesting. Such conditions have been shown to result in relatively high N mineralization in the initial years of loblolly pine plantations following clearcuts [11] .
Microbial biomass and activity are closely associated with soil N mineralization, and they are affected by fertilization and vegetation control in forests [12] . As such, it is appropriate to explore these variables in tandem with soil N mineralization trends. Fertilization can lead to a "priming effect" in which microbial N immobilization potential is reduced, leading to increases in N mineralization that lead to increases in soil N availability beyond that applied in fertilizer [9] . Microbial biomass and activity increased [13] , decreased [14] , or had no response [15] to forest fertilization in previous studies. Combining non-crop vegetation control with fertilization reduced microbial biomass and activity to a greater extent than to fertilization alone in a juvenile loblolly pine plantation, which was attributed to reduction in labile C sources for microbes due to vegetation control [16] .
The influence of altering the timing of fertilization and vegetation control relative to thinning at mid-rotation loblolly pine plantations on soil N dynamics and its associated microbial parameters is relatively unstudied. Accordingly, the objectives of this study were to determine the effects of fertilization and vegetation control conducted within a year prior to thinning and within a year after thinning on soil N mineralization, exchangeable N, soil microbial biomass C, and dehydrogenase activity in mid-rotation loblolly pine plantations on a gradient of soil textures in the mid-South USA. Study sites were selected along a gradient of soil textures because soil texture influences nutrient cycling; mineral particle size distribution can affect organic matter retention, N mineralization, microbial biomass, and other soil properties [17] .
Materials and Methods

Study Sites
In September and October 2003, three study sites were established in mid-rotation loblolly pine plantations in north central and southwest Louisiana. The sites were selected for their similarities in age and management history and the range of soil drainage classes they provided (Table 1 ). All sites had chop and burn site preparation; the Oakdale site had been fertilized with 50 kg·N·ha −1 and 56 kg·P·ha −1 as diammonium phosphate in 1997. Understory and mid-story of the sites at the initiation of the study were dominated by hardwood tree species at the Dodson and Lucky sites and shrub species at the Oakdale site [7] . Red maple (Acer rubrum L.) and sweetgum (Liquidambar styraciflua L.) were frequently observed species at the Dodson and Lucky sites. Southern red oak (Quercus falcata Michx.) was present in high numbers at the Lucky site. The most common understory and mid-story species at the Oakdale site were yaupon holly (Ilex vomitoria Sol. Ex Aiton), wax myrtle (Morella cerifera L. (Small)), and Chinese tallow tree (Triadica sebifera L.).
Study Design and Treatments
Study design was a randomized complete block with soil texture differences to a 40-cm depth used as a blocking factor at each site. Experimental units were 0.1-ha plots, and all treatment combinations were replicated three times at each study site. Plots were separated by at least 13 m to insure independence of treatments. Measurement zones were established within the central 0.08 ha of each plot. Blocks, which contained one replicate of each treatment combination and buffer spaces between plots, were 1 ha in size.
Treatments conducted in this study were: (1) no fertilization or herbicide (CONTROL), (2) fertilization (FERT), and (3) fertilization and vegetation suppression (FERTVS). The FERT and FERTVS treatments were conducted prior to thinning or after thinning to separate sets of plots. The CONTROL treatment was applied to plots observed in pre-thin and post-thin condition, i.e., the same CONTROL plots were observed pre-and post-thinning. The pre-thin FERT and FERTVS plots were sampled in only the year prior to thinning, and the post-thin FERT and FERTVS plots were observed in only the year after thinning. There were three replications for each treatment. With this treatment structure there were three CONTROL plots, three pre-thin FERT plots, three post-thin FERT plots, three pre-thin FERTVS plots, and three post-thin FERTVS plots.
Fertilization was conducted pre-thin in April 2004 and post-thin in April 2005. A mixture of urea and diammonium phosphate supplying 135 kg·N and 13 kg·P·ha −1 was applied using shoulder-mounted spreaders. Fertilizer was applied at each site within one week of predicted rainfall in order to minimize variability in the dissolution of granules [18] . Non-crop vegetation suppression treatments (herbicides) were applied as part of the FERTVS treatments by backpack sprayers in March 2004 (pre-thin) and March 2005 (post-thin). A 20% solution of triclopyr mixed with diesel as a penetrant was applied as a basal bark spray to suppress hardwood saplings and shrubs. A 5% solution of glyphosate mixed with water was used to suppress herbaceous vegetation and hardwood sprouts. These herbicide mixtures were re-applied as necessary for the remainder of each year in order to prevent regrowth of competing vegetation. Understory biomass was reduced by 95.4, 51.4, and 71.4% at the Dodson, Lucky, and Oakdale sites, respectively, in the FERTVS treatment relative to the CONTROL and FERT treatments [7] .
Thinning was conducted operationally using feller-bunchers and skidders in October 2004 for the Dodson and Oakdale sites and in November 2004 for the Lucky site. Thinning was conducted as a fifth-row removal thinning from below at each site, with crown biomass returned to down rows as conventionally conducted in operational thinning. Crown biomass was separated from boles by gate de-limber at the logging deck, and skidders were used to transport and deposit the crown biomass along down rows as the skidders returned into the stand to continue tree felling. A target residual density of 494 trees·ha −1 was created for each plot by selecting and marking residual trees after down rows were cut in the plantations. Residual trees were selected on the basis of dominant or codominant height and DBH, good form, and spacing. Spacing between trees within rows was approximately 6 m, although this spacing varied depending on availability of trees of appropriate height, DBH, and form within 6 m of each tree. After marking residual trees between down rows, the areas between down rows were thinned by feller-bunchers. Achieved average residual densities at the Dodson, Lucky, and Oakdale sites were 421, 420, and 466 trees·ha −1 , respectively. Post-thinning basal areas were respectively 11.2, 8.5, and 8.9 m 2 ·ha −1 for the Dodson, Lucky, and Oakdale sites.
Nitrogen Mineralization and Exchangeable N
Net N mineralization (Nmin) was measured using the in situ buried bag method [19] as described for a sweetgum (Liquidambar styraciflua L.) plantation by Scott et al. [9] . Soil samples for Nmin were collected to a depth of 20 cm using punch augers at two randomly located subsample points within the central 0.08 ha of each plot. Sampling occurred every four to six weeks, with the six-week incubation durations occurring in fall and winter months from January 2004 through November 2005. For each sample period, two composite samples were taken at each sample point. Each composite sample was comprised of three punch auger samples; organic matter was removed from the soil surface immediately prior to sampling. One composite sample at each sample point was used for in situ incubation, and the other was used for pre-incubation analysis. Each composited sample for incubation was used to fill sterile 14 cm × 23 cm sampling bags with round-wire closure. The bags had a 0.08 mm thickness to allow gas exchange while retaining moisture. After bags were filled with soil, any surface organic matter was moved aside and a small hole was dug to a depth of 20 cm in the center of the three sampling points used to create the composite sample. The incubation bag was then placed in the hole, and any surface organic matter was replaced. Samples were incubated until the subsequent sample period. All pre-and post-incubation samples were stored in a cooler for transport to the laboratory, and the samples were then air-dried to constant weight and sieved to pass a 2 mm mesh for preparation of extraction of Net N mineralization was calculated as the difference in mineral N (mg·N·kg −1 soil) following incubation and prior to incubation (NH4-N + NO3-N)t+1 − (NH4-N + NO3-N)t [22] . The Nmin rates for each incubation period were adjusted to a one-month (30-day) basis by dividing net Nmin by the number of days in the incubation period and then multiplying by 30. Annual Nmin was estimated by summing Nmin measurements for all incubation periods for each plot, dividing by the total days of incubation for the year, and then multiplying by 365. Bulk density samples were collected to a 20-cm depth in all plots with a 5-cm diameter soil core sampler in spring 2004, and these measurements were used to convert annualized Nmin to a kg·ha −1 basis.
The NH4-N and NO3-N concentrations of the pre-incubation bags were used to determine changes in exchangeable N within and between the years of this study. In addition to NH4-N and NO3-N concentrations, total exchangeable N was assessed as the sum of NH4-N and NO3-N. The ratio of NO3-N to total exchangeable N was calculated for the pre-incubation bag samples as well.
Soil Microbial Biomass C, Dehydrogenase Activity
Soil samples used for assays of soil microbial biomass C (Cmic) and microbial activity were collected to a 20 cm depth with punch augers. Sampling for these assays was conducted in tandem with some dates at which Nmin samples were collected using sampling and compositing protocol similar to that described above for Nmin. In 2004, soil samples for which Cmic and microbial activity assays were conducted were collected in April, May, July, and September. In 2005, samples for which Cmic was assayed were collected monthly from March through September. Microbial activity assays were also conducted for the May, June, and September 2005 soil samples. All samples were refrigerated at 5 °C until analyses, which was initiated within 14 days of sampling.
The chloroform fumigation-incubation method was used to determine Cmic [23, 24] . A 10-day pre-incubation was carried out prior to fumigation of soil samples in order to allow the influence of soil disturbance to subside and living fragments of roots to die [25, 26] . Microbial biomass C was determined by fumigating soil samples with alcohol-free CHCl3 vapor for 24 h, incubating soil samples at 25 °C for 10 days, collecting respired CO2 in 2 M NaOH, measuring CO2-C by titration of the NaOH with 0.1 N HCl, and using a proportionality constant of 0.45 to convert CO2-C to Cmic after subtracting the CO2-C produced by a non-fumigated control [23, 24] . All results are expressed on an oven-dry soil basis (105 °C, 24 h).
Microbial activity was estimated by determining dehydrogenase activity [27, 28] . Dehydrogenase, which is only active in viable living cells, serves as an indicator of total microbial metabolic activity [29, 30] . To quantify dehydrogenase, triphenyltetrazolium chloride (TTC) was used as an artificial electron acceptor. Dehydrogenase reduces TTC to red-colored triphenyl formazan (TPF) that can be extracted with methanol and quantified colorimetrically [29] . Results are expressed as μg TPF kg −1 soil on an oven-dry soil basis (105 °C, 24 h).
Soil Labile C
Labile C was measured using the sequential fumigation-incubation procedure [31] for soil samples collected in September 2005 as described above for Cmic. The September sample was selected for this assay because above-and below-ground plant biomass is near its seasonal peak at that time. Soil samples were fumigated with alcohol-free CHCl3 vapor for 24 h, and respired CO2 was measured as described above for the chloroform fumigation-incubation method for Cmic measurement for a series of eight 10-day fumigation-incubation cycles. The method is based on the assumption that soil labile C is decayed during these cycles according to the negative exponential equation as widely reported in plant decomposition studies, so labile C was estimated from CO2 measurements using a first-order kinetics model [31] .
Soil Carbon and Nitrogen
In April 2005, five (for the Lucky site) and six (for the Dodson and Oakdale sites) months after thinning, soil samples were collected from all plots to characterize C and N concentrations of surface soil. Ten samples were randomly sampled in the central 0.08 ha of each plot to a 20 cm depth using punch augers; the ten samples were composited for each plot. Organic matter was removed from the soil surface prior to sampling. Carbon and nitrogen concentrations were measured by combustion using a LECO CNS 2000 analyzer (Leco, Inc., St. Joseph, MI, USA).
Soil Temperature and Volumetric Water Content
Soil temperature and volumetric water content (VWC) measurements in the top 20 cm of soil were collected concurrently with all soil sampling for soil N and microbial assays using a K-type thermocouple thermometer (Hanna Instruments, Inc., Woonsocket, RI, USA) and a TDR 200 time-domain reflectometry probe (Spectrum Technologies, Inc., Paxinos, PA, USA), respectively. Soil temperature and water content was measured within 10 cm of all samples collected for soil N and microbial assays.
Environmental Conditions
Precipitation and temperature trends for the regions in which all study sites were located were obtained from the Historical Climate Trends Tool of the Southern Climate Impacts Planning Program (SCIPP) [32] . This database facilitates comparison of average monthly precipitation and temperature trends relative to long-term (1971-2000) average trends for each month. The Lucky and Dodson sites were in the North Central Louisiana SCIPP climate region, and the Oakdale site was in the Southwest Louisiana SCIPP climate region.
Statistical Analysis
All treatment effects were analyzed for variance (ANOVA) at α = 0.05 using the MIXED procedure of the SAS System (SAS Institute, Inc., Cary, NC, USA). When the null model likelihood ratio test revealed heterogeneous variances in a dataset, the GROUP option of MIXED was utilized to perform ANOVA using different variances for all treatment combinations. When an ANOVA indicated significant treatment effects, treatment means were calculated and separated by the DIFF and SLICE options of the LSMEANS procedure. The DIFF option provided multiple comparisons of treatment means by invoking t-tests to determine significant differences between all possible treatment combinations. The SLICE option provided t-tests of treatment means in which the effect of one treatment is evaluated at each level of another treatment. The SLICE option was used to investigate treatment main effects when significant two-way interactions were observed.
Models used in analyses of parameters measured in this study differed depending on sampling frequency. Analyses of Nmin, NH4-N, NO3-N, total exchangeable N, ratio of NO3-N to total exchangeable N, soil volumetric water content, and soil temperature were each performed with a model that included these parameters as a dependent variable and block, treatment, sampling date, and the interaction of treatment and date as independent variables. All independent variables were considered fixed effects. The model was a repeated measures model with an autoregressive correlation structure. These analyses were performed by site and year because of differences in sampling dates for each site and year. There were two numerator degrees of freedom for block and treatment associated with the model for all sites and both years. Due to sampling date differences for each site and year, there were differences in date and treatment × date numerator degrees of freedom associated with the model. Microbial biomass C and dehydrogenase activity were sampled at the same dates for each site within both years of the study, but there were differences in the number of sampling dates between 2004 and 2005. As such, analyses of these parameters were performed by year. The model used in analyses included Cmic and dehydrogenase as dependent variables and block, treatment, site, sampling date, and all possible interactions of treatment, site, and sampling date as independent variables. All independent variables were fixed effects. The model was a repeated measures model with an autoregressive correlation structure. For Cmic and dehydrogenase in both years, numerator degrees of freedom associated with the model were two, two, two, and four for block, site, treatment, and site × treatment, respectively. For Cmic and dehydrogenase activity in 2004, numerator degrees of freedom associated with the model were six, six, and 12 for site × sampling date, treatment × sampling date, and site × sampling date × treatment, respectively. There were eight, eight, and 16 numerator degrees of freedom associated with site × sampling date, treatment × sampling date, and site × sampling date × treatment, respectively, for the model for Cmic in 2005. For dehydrogenase activity in 2005 there were four, four, and eight numerator degrees of freedom for site × month, treatment × sampling date, and site × sampling date × treatment, respectively, associated with the model. Annualized Nmin was measured over the same sample period for each site in both years of the study. As such, the model used in its analysis included annualized Nmin as a dependent variable and block, site, treatment, year, and all possible interactions between site, treatment, and year as independent variables. All independent variables were fixed effects, and the model was a repeated measures model with an autoregressive correlation structure. Block, site, treatment, site × year, and treatment × year were each associated with two numerator degrees of freedom in analysis. Site × treatment and site × treatment × year were each associated with four numerator degrees of freedom, and year was associated with one numerator degree of freedom in analysis.
Labile C, soil C concentrations, soil N concentrations, and soil C:N ratios were each measured a single time at each site in this study. The model used in their analyses therefore included block, site, treatment, and site × treatment as independent variables, which were all fixed effects. For labile C (which was sampled only in CONTROL and post-thin FERT and FERTVS plots), block, site, and treatment each had two numerator degrees of freedom in analysis, and site × treatment had four numerator degrees of freedom. For C, N, and C:N ratios (which was sampled post-thinning in all plots) block and site each had two numerator degrees of freedom in analysis, treatment had four numerator degrees of freedom, and site × treatment had eight numerator degrees of freedom.
To provide greater insight into how thinning affected Nmin, exchangeable N, Cmic, dehydrogenase activity, soil temperature, and soil moisture, cross-year comparisons were performed using data from CONTROL plots. CONTROL plot data from common sample dates for 2004 and 2005 of all sites were pooled. Analyses were performed using a repeated measures model with an autoregressive correlation structure that included block, site, year, and the interaction of site and year as fixed effects. Block, site, and site × year each had two numerator degrees of freedom in analysis, and year was associated with one numerator degree of freedom.
Correlations among Nmin, volumetric soil moisture, and soil temperature were quantified for each site using the PROC CORR procedure of the SAS System, which produced Pearson correlation coefficients and the probabilities associated with these statistics. For each site, correlations were also determined between Nmin, Cmic, and dehydrogenase activity for months in which all variables were measured.
Results
Environmental and Edaphic Conditions
Temperature trends for the regions of Louisiana in which the study sites were located were similar to 30-year trends in both years of the study.
Soil temperature was similar among treatments at all sites prior to thinning in 2004. After thinning, the CONTROL treatment soils were about 2-3 °C warmer than soils in the FERT and FERTVS treatments throughout most of the summer and early autumn at the Dodson (P = 0.001) and Lucky sites (P = 0.002) (Figure 1 ). Soil temperatures were similar (P = 0.88) among all treatments at Oakdale. In the cross-year comparison of CONTROL plot data, across all sites soil temperature was significantly (P = 0.03) warmer (2-3 °C) in the CONTROL plots post-thinning than pre-thinning. 
Nitrogen Mineralization and Exchangeable N
Monthly Nmin differed among treatments at one or more sites in both years of the study (Figure 2 Ratios of NO3-N to total exchangeable N were different among treatments in both years at the Oakdale site and at the Lucky site in 2005. There was a significant treatment effect for the Oakdale site in 2004, with the FERT (mean 34.0%) and FERTVS (mean 35.0%) treatments had a higher (P = 0.04) NO3:exchangeable N ratio than the CONTROL treatment (mean 29.7%). In 2005, there was a significant treatment × date effect (P = 0.01) for the Oakdale site (Figure 4) . In all months observed after May, the FERTVS treatment had a higher ratio than the CONTROL. The FERTVS treatment also had a higher ratio than the FERT treatment in all months observed between June and November except October. The FERT treatment had a greater NO3:exchangeable N ratio than the CONTROL treatment in June, July, September, and November. At the Lucky site there was a significant treatment effect (P = 0.02), with the FERTVS treatment having a higher ratio than the FERT and CONTROL treatments ( Table 2) .
In 2004, there were significant treatment × date interactions for the Oakdale (P < 0.0001) and Lucky (P < 0.0001) sites in analyses of NH4-N (Figures 3 and 5) . At Oakdale, the FERT and FERTVS treatments had greater NH4-N concentrations than the CONTROL treatment in May and June (Figure 3) . At the Lucky site differences were observed among treatments in only April, in which the FERT treatment had NH4-N concentrations that exceeded those of the CONTROL and FERTVS treatments ( Figure 5 ). Soil NH4-N concentrations of the FERTVS treatment were significantly greater than those of the CONTROL treatment in that month as well. (Table 2) , and the treatment × date interaction was significant (P = 0.03) for the Lucky site ( Figure 5 ). At the Dodson site, the FERTVS treatment had greater NH4-N concentrations than the CONTROL treatment ( Table 2) . At the Oakdale site, NH4-N concentrations of the FERTVS treatment were higher than those of the other two treatments and NH4-N of the FERT treatment greater than that of the CONTROL treatment (Table 2 ). This treatment ranking was also observed for the Lucky site in May, and in June the FERTVS treatment had greater NH4-N than the CONTROL treatment ( Figure 5 ).
Significant treatment × date interactions were observed in analyses of total exchangeable N for the Lucky (P < 0.0001) and Oakdale (P < 0.0001) sites for 2004 (Figures 3 and 5) . At the Lucky site, treatments differed as described above for NH4-N of 2004 ( Figure 5 ). Differences among treatments were similarly identical to those described above for NH4-N of 2004 at the Oakdale site (Figure 3) .
For the Dodson (P = 0.0002) and Oakdale (P < 0.0001) sites, significant treatment effects were found in analyses of total exchangeable N for 2005 (Table 2) . Total exchangeable N differences among treatments at both sites were identical to those described above for NH4-N. At the Lucky site there was a significant (P = 0.03) treatment × date interaction ( Figure 5) . In May the FERTVS treatment had greater total exchangeable N than the CONTROL and FERT treatments, and total exchangeable N of the FERT treatment exceeded that of the CONTROL treatment. In June and August the FERT and FERTVS treatments had greater total exchangeable N than the CONTROL treatment.
All exchangeable N variables differed between years in the CONTROL treatment (Table 3) Monthly average Cmic ranged from 126.9 to 460.8 mg·kg −1 over the years of the study, and monthly average dehydrogenase activity ranged from 13.4 to 77.1 mg·kg −1 .
The site × treatment interaction was significant (P = 0.02) for the labile C analysis ( Table 4 ). The CONTROL treatment had 6 and 10% greater labile C than the FERTVS treatment at the Dodson and Lucky sites, respectively. At the Oakdale site the FERTVS soils had about 6% greater labile C than the CONTROL and FERT soils. 
Soil C and N
No differences were observed among treatments in soil C, N, and C:N ratios, but differences (P = 0.04, 0.0002, <0.0001, respectively) were observed among sites for each of these parameters ( Table 5 ). The Dodson site had higher C concentrations than the Oakdale site. The Oakdale site had greater N concentrations than both other sites, and the Dodson site had greater N concentrations than the Lucky site. The Lucky site had the highest C:N ratio of the sites, while the Oakdale site had the lowest C:N ratio. 
Correlations
Monthly Nmin was significantly positively correlated (r = 0.18, P = 0.03) with soil temperature. Soil Nmin, Cmic, and dehydrogenase activity were uncorrelated. Microbial biomass C was significantly positively correlated (r = 0.21, P < 0.0001) with VWC and negatively correlated (r = −0.21, P < 0.0001) with soil temperature. Dehydrogenase activity was positively correlated with soil temperature (r = 0.33, P < 0.0001) and Cmic (r = 0.19, P = 0.002).
Discussion
This study yielded Nmin values within the range reported in previous studies of loblolly pine that used similar buried bag procedures. The 81 kg·ha −1 annual Nmin mean of the CONTROL treatment in this study was similar to the 75 kg·ha −1 annual Nmin reported for a 7-year-old loblolly pine plantation in Florida, USA on sandy loam soil [33] . The 81 to 146 kg·ha −1 annual Nmin range of this study was somewhat higher than the 22 to 96 kg·ha −1 annual Nmin range for a 14-year-old loblolly pine plantation in North Carolina, USA on a highly weathered, eroded clay loam receiving fertilizer and herbicide [2] . Across sites and years, annual Nmin in this study was 6%, 8%, and 10% of total N measured in spring 2005 for the CONTROL, FERT, and FERTVS treatments, respectively. These proportions of annual Nmin to total N are slightly higher than the 2%, 3%, and 6% for control, fertilizer, and fertilizer with herbicide treatments, respectively, conducted in a non-thinned 14-year-old loblolly pine plantation in North Carolina, USA [2] . However, proportions of annual Nmin to total N of pre-thin CONTROL, FERT, and FERTVS treatments in this study were closer to those of the North Carolina loblolly pine plantation [2] , respectively averaging 4%, 6%, and 8% across sites. Annual Nmin was increased by fertilization and to a greater extent by the combination of fertilization and vegetation control irrespective of timing relative to thinning and across a gradient of soil conditions. These results suggest that annual N supply can be increased by fertilization in the year of application in mid-rotation loblolly pine plantations prior to or after thinning. Increases in Nmin after forest fertilization are well-demonstrated [2, 9, 10, 12] , but this study is the first to the authors' knowledge to show increases in Nmin irrespective of timing relative to thinning. Similar to this study, combination treatments of fertilization and vegetation suppression increased annual Nmin more than fertilization alone when conducted in an unthinned mid-rotation loblolly pine plantation with basal area comparable with that of the stands prior to thinning in this study [2] .
The increased annual Nmin in response to FERT and FERTVS treatments suggested that a priming effect occurred, but not all mechanisms conventionally defined for that effect occurred. The priming effect for N has been defined as extra release of soil-derived N in response to substances added to the soil [34] . The increased annual Nmin of the FERT and FERTVS treatments are consistent with this definition. Soil microbes are often directly or indirectly responsible for priming effects, and increases in Nmin after fertilization have been attributed to reduced microbial N immobilization when soil C:N ratios are below 30:1 [9, 34] . All sites in this study had C:N ratios below 30:1, but the soil microbial parameters were relatively unaffected by treatments. The soil Cmic and dehydrogenase activity data was variable, so the procedures conducted may not have been sensitive enough to detect changes in soil microbial biomass and activity. There are also priming effect pathways that may function independent of soil microbes [34] . Labile C has been identified as an important parameter affecting the priming effect, particularly in response to forest management treatments such as vegetation control that alter organic matter inputs to soil. Such treatments can reduce labile C, which in turn reduces microbial N immobilization and increases Nmin [35] . The greater annual Nmin of the FERTVS treatment relative to the FERT and CONTROL treatments is consistent with increasing Nmin in response to reducing vegetation C inputs. Labile C was lower for the FERTVS treatment relative to the CONTROL treatment at the Dodson and Lucky sites, but an opposite trend was observed at the Oakdale site. The contrasting trend at Oakdale may have been influenced by its under-and mid-story vegetation. Oakdale had sweetgum (Liquidambar styraciflua L.) greater than 8 cm in diameter as part of the mid-story, and it was resistant to the basal spray of triclopyr used in this study. Multiple applications of triclopyr were required to suppress sweetgum trees of that diameter. Oakdale also had abundant Chinese tallow tree that was resistant to triclopyr basal spray, requiring multiple applications. Chinese tallow tree sprouting also occurred once the mid-story was reduced, and the sprouts were relatively resistant to broadcast glyphosate and directed spray of triclopyr [7] . This herbicide resistance made suppression take several months, which may have affected labile C inputs.
As with fertilization and fertilization with vegetation control, thinning impacted annual Nmin across all site conditions. Thinning nearly doubled annual Nmin across all sites and treatments, although this comparison was made with non-thinned stands receiving higher than average annual precipitation and thinned stands that received lower than average annual precipitation. Studies of loblolly pine harvesting have demonstrated Nmin increases after clearcutting, with Nmin increases attributed to increased soil temperatures after harvest as well as mixing of organic matter with mineral soil during harvest [36, 37] . Recently thinning was shown to increase Nmin of Cryptomeria japonica forests, with Nmin increases related to increases in soil temperature [38] . This study similarly observed that soil temperature was significantly increased by 2-3 °C after thinning across all sites and treatments. Soil temperature was also positively correlated with Nmin.
Although annual Nmin trends were similar across years and sites, monthly patterns in Nmin were more affected by site conditions. Monthly Nmin was relatively variable, which made differences among treatments, if present, difficult to detect. When fertilization was done prior to thinning, only at the Dodson site was a difference in average monthly Nmin observed. At Dodson, a difference in monthly Nmin was found only with the FERTVS treatment. Dodson had the highest understory biomass among all sites prior to thinning [7] , which may have tempered the effect of the FERT treatment on monthly Nmin. Average monthly Nmin was increased by fertilization at both the Dodson and Oakdale sites. At each site average monthly Nmin of the FERT and FERTVS treatments were similar; vegetation control may not have been as necessary in the year of thinning to foster increases in monthly Nmin.
Monthly exchangeable N (NH4-N, NO3-N, total exchangeable N) trends were affected by timing of treatments and site conditions. The dominant form of exchangeable N was NH4-N, so total exchangeable N trends were nearly identical to NH4-N trends. Loblolly pine plantation soils are typically characterized by dominance of NH4-N as exchangeable N [39] . Fertilization conducted prior to thinning had little effect on NH4-N and total exchangeable N, with increases occurring only in the two months after fertilization at the two sites with lower soil N, Dodson and Lucky. When fertilization was done after thinning monthly NH4-N and total exchangeable N concentrations increased after fertilization at all sites, but responses were different at each site. At the Lucky site, NH4-N and total exchangeable N increases occurred only in the two months after fertilization. At Dodson, fertilization after thinning consistently increased monthly NH4-N and total exchangeable N, but only when combined with vegetation suppression. Both fertilization treatments increased monthly NH4-N at the Oakdale site, with greater increases occurring when combined with vegetation suppression. This gradient in NH4-N and total exchangeable N increases across the sites was likely related to the gradient in total soil N and C:N ratios of the sites. Total soil N affects N transformations in soil, with transformations occurring more readily in soils with higher total soil N [40] . Nitrogen transformations in soil are also affected by C:N ratios, with transformations occurring more readily in soils with lower C:N ratios [40] .
Monthly NO3-N trends were affected by timing of fertilization and site conditions. Changes in monthly NO3-N were relatively low when fertilization was conducted prior to thinning. Only at the Oakdale site were monthly NO3-N concentrations elevated by fertilizer treatments, and the duration of response was the four-month period after application. As mentioned above, the higher soil N and lower C:N ratio of the Oakdale site likely made it more prone to changes in N. Soil NO3-N concentrations similarly increased in response to fertilization and fertilization and vegetation control in an unthinned mid-rotation loblolly pine plantation in North Carolina, USA [39] . Average monthly NO3-N was changed by fertilization at all sites when conducted post-thinning. Both fertilization treatments increased NO3-N at the Lucky site, and the FERTVS treatment increased monthly NO3-N more than the FERT treatment at the Dodson and Oakdale sites.
The increases in NO3-N and the ratio of NO3:total exchangeable N have implications for how the timing of fertilization matched site N demand. Increases in soil NO3-N concentrations after fertilization can be indicative of low plant uptake of applied N [41] . Increases in the proportion of NO3-N in the total exchangeable N pool in soil are also an index of N saturation [12] . The increases in NO3-N and NO3:exchangeable N ratios at the Oakdale site when fertilized before and after thinning suggest that soil N was sufficient for the site to meet stand N demand, particularly after thinning. Foliage nutrient testing determined that foliage N concentrations at the Oakdale site were above critical values [7] . Soil N of the Oakdale site was likely enhanced by the presence of wax myrtle, a N-fixing shrub, in its understory [7] . Wax myrtle added 1.9 kg N·ha −1 ·year −1 in a slash pine (Pinus elliotti Engelm. var. elliotti) plantation in Florida, USA [42] . The increases in soil NO3-N and the NO3:exchangeable N ratio at the Lucky site and the increases in soil NO3-N at the Dodson in response to FERTVS treatment conducted post-thinning suggest that this treatment exceeded stand N demand. These results show that avoiding fertilization preor post-thinning at an N-sufficient site and applying herbicide in the year of thinning and fertilization at the range of site conditions in this study could minimize NO3-N concentration increases, which can help in reducing N leaching loss potential and improving fertilizer use efficiency [33] .
Conclusions
For the range of site conditions in this study, fertilizing at mid-rotation stimulated increases in annual soil N supply irrespective of timing relative to thinning and the effect was more pronounced when vegetation control was conducted in concert with fertilization. This finding suggests management flexibility in the timing of fertilization at mid-rotation to increase soil N supply. However, site conditions were important considerations for minimizing the potential for NO3-N leaching and matching stand N demand. The site with the highest total soil N and the lowest C:N ratio was more prone to NO3-N increases after fertilization whether done prior to or after thinning. At all sites, combining vegetation suppression with fertilization promoted increases in NO3-N when done after thinning. As such, combining vegetation suppression with fertilization in the year of thinning may have increased soil N supply to levels that exceeded stand N demand.
